Abstract-Thecathodicreduction of molecular oxygen at a polypyrrole electrode in 0.5 M HaSO, is studied using a rrde. It appears that the polymeric layer is permeable and that the reduction of oxygen mainly occurs at the interface metal/polypyrrole.
Due to the presence of the polymer layer, eventually formed peroxide is not immediately removed by convection, but is forced to diffuse through the polymer, back to the bulk of the electrolyte. Because of the accompanying increase of the mean residence time of peroxide near the metal/polypyrrole interface, the selectivity of oxygen reduction to water at the polypyrrole electrode is more than at the uncovered metal. However, the maximum current density at the polypyrrole electrode is less than at the uncovered metal.
It is found, that for the so-called "oxidized polypyrrole electrode", the polymer film probably catalyses the decomposition of hydrogen peroxide to water and molecular oxygen and thus contributes to a more favourable selectivity of the electrode. We have shown, that, for the cathodic reduction of molecular oxygen in 0.5 M HISO,, the heterogeneous reaction rateconstantscan bedetermined when using a rrde [ 1, 2] . In addition to the results which lead to the determination of these rate constants, the behaviour of the polypyrrole electrode with respect to the oxygen reduction is studied in a more general way [2] . The results of these additional investigations are presented in this paper.
2: EXPERIMENTAL
For the preparation of the polypyrrole films, the same cell, electronic equipment and setup was used as described earlier [3] . The formation electrolyte contamed 0.1 M LiClO., (Fluka), 0.144 M pyrrole (Aldrich) in acctonitrile (Janssen Chiica). The acetonitrile contains 0.055 vol. y0 water, which is determined by Karl Fischer titration, Two types of rrde were used, viz. a Au disc/Au ring electrode assembly and a Pt disc/Pt ring electrode assembly, denoted respectively by Au/Au and Pt/Pt. The collection efficiencies of the Pt/Pt and the Au/Au electrode assemblies are, respectively, 0.241 and 0.144.
Bach electrode assembly was polished with 0.05 pm alumina before deposition of the polypyrrole film. When the Au/Au rrde was used, the Au ring of this rrde was platinized[4] to obtain a sufficient activity for peroxide detection. After this, the polypyrrole film was formed onto the disc, giving a PP(Au)/Pt(Au) electrode assembly (the notation is such, that the base material is given between parentheses). Additionally, a PP(Pt)/Pt rrde was used, of which the ring was not platinized.
The polymer films were formed at 298 K, 100 kPa and at a constant formation potential of 1.20 V us see. The ring electrode was not charged during the polymerization process.
After formation of the polypyrrole film, the electrode was rinsed with ethanol during 3Os, dried in ambient air for 30 min and transferred to the ccl1 in which the oxygen reduction experiments were conducted.
The oxygen reduction cell was a thermostatted glass cell, connected to a bipotentiostat (Tacussel Bi-Pad). As reference electrode, a reversible hydrogen electrode [p(Hz) = 100 kPaJ was used in the same solution as where the ring-disc measurements were carried out. The electrode was provided with a Luggin capillary of which the tip was positioned about 15 mm underneath the working electrode. All potentials are with respect to this reference electrode. The counter electrode was a platinum foil, separated from the rrde by a porous glass filter. The electrolyte was a 0.5 M H2S04 solution in distilled water and all the gases were used at a partial pressure of 100 kPa.
During the ring-disc measurements, the disc potential was determined by triangular potential sweep with a potential scan speed uo = 0.05 V s-', while the ring was kept at a constant peroxide detection potential, namely E, = 1.25 V. The rotation frequency of the rrde was varied from 0 up to 81 Hz. The ring and disc currents were plotted against the disc potential, using a dual-pen x-y recorder.
In some cases, the In-E, curve for the potential sweep in anodic direction shows a maximum and the curve for the cathodic scan is a well-shaped wave. Hence, for all potential sweep curves, the disc and ring currents for decreasing disc potential (ie the cathodic scan) are used as disc and ring currents in the next. Moreover, a PP electrode which has been aged at a disc potential ED C 0.9 V is designated as a reduced electrode. A PP electrode for which E, becomes more positive than 0.9 V, is designated as an oxidized electrode.
RESULTS

Reduced electrode
The effect of a reduced PP film (formation charge Q = 0.6 kCm-* ) on the cathodic oxygen reduction at a Au/Pt(Au) rrde in 0.5 M H2S04 is shown in Fig. 1 . The results were obtained after the electrode was aged at a constant disc potential of 0.20 V. Figure 1 shows that the oxygen reduction at the PPcovered disc starts at a more positive potential than at the uncovered Au disc, and the shape of ED-I, curves are clearly diffferent.
During oxygen reduction, peroxide is formed at both electrodes. From Fig. 1 it follows that the water formation efficiency p(H,O) [l] for the uncovered electrode is substantially less than that for the PPcovered electrode.
From a plot of Z,/I,,, [l] us ED it follows that for the uncovered Au electrode the condition of diffusion limitation is not reached in the potential range examined. For the PP electrode, a limiting current has been found at 0.1 V < En < 0.3 V, with (In/I, ,)_ 2: 0.4, where in,, has been calculated with the L&ich equation. It is likely that the polymer film affects the limiting current as determined by diffusion of dissolved oxygen through the polymer film. 
For an uncovered Pt disc, of which the disc is aged for 90 hr, the reduction current at ED = 0.20 V decreases from 1.98 to 0.06 mA. At the same time I,-I$ [l] decreases during aging from 0.118 to 0.026 mA. So, a decrease of the disc current by a factor 33 is accompanied with a decrease of the peroxide formation by a factor 4.5. This means that, during the aging period, the selectivity for water formation has become significantly less. When the disc potential is subsequently scanned between 0.02 and 0.80 V, the reduction current recovers to a value ofabout -2 mA.
For a reduced Pt/Pt(Pt) electrode, aged for lf hr and 90 hr, it has been found that, in both cases, the diffusion limited current with (~D;~n.,)_ = 1 o&urs at 0.1 V < ED < 0.3 V.
The results for a PP(Pt)/Pt electrode (Q = 0.6 kC rn-? are oresented in Fie. 2 for the first 7 hr of the aging p&iod.'From this fig&e it can be deduced that the water formation efliciency during O2 reduction is almost constant during the first 7 hr of the aging process; the increase of the background ring current 1: with increasing aging time indicates a build-up of peroxide in the bulk electrolyte. Figure 2 shows the Occurrence of a hysteresis between the anodic and cathodic potential sweep, due to the rcdox bchaviour of the polymer and the hysteresis decreases with increasing aging time. Moreover, the hysteresis was independent of the electrode's rotation frequency and the presence of dissolved oxygen. It was linearly dependent of tht potential scan rate so, apparently, various electrochemical reactions occur in or at the polymer film.
From Fig. 3 , in which the water formation efficiency for the PP(Pt) electrode at 293 K is presented, it follows that, during the first 7 hr, the electrode porduces practically no peroxide over the total potential range. After 168 hr of aging, however, p(H,O) has become less than 0.5 for 0.1 V < E, < 0.3 V. Additionally, it has been found that (ID/In ,)_ decreases from 0.4 to 0.3 during 168 hr of agiig. When the PP electrode is aged and measured at an elevated temperature, viz. 353 K, the aging process takes place at an increased rate. The effi of the temperature on the water formation efficiency at a PP(Pt) electrode is presented in Fig. 4 In an experiment, a PP(Pt) electrode was aged for 67: hr at E, = 0.20 V in O,-saturated 0.5 M H1S04. After the aging period, the electrolyte was deoxygenated, hydrogen peroxide was added, to a concentration of 1.08 x lo-3 M and a potential sweep curve was recorded. The result is given in Fig. 5 . Now, a reduction wave appearsclearly and the reduction current is about 0.05 mA at En = 0.10 V.
When using the Levich equation, it follows that the height of the reduction wave is only a factor 0.048 of the theoretical diffusion limited current for direct peroxide reduction.
It is found that the voltammogram of Fig. 5 is formed by superposition of the voltammogram of an uncovered Pt disc [5] and the reduction wave of oxygen on the PP(Pt) disc as shown in the following discussion.
Subsequent addition of Oz to the electrolyte resulted in a cathodic reduction current with a maximum value of about 0.710mA at E = O.lOV. Using a corrected ring current at E -0.10 V of 0.143 mA, it follows that p(H 0) = 0.09~ Io/I -0.52. So, the diminished pcroiide reduction wave i%h, sweep curve in deoxygenated solution is not caused by a decreased permeability of the polypyrrole layer for HzOZ, because in that case, p(H,O) would be higher than 0.09 for the experiment of oxygen reduction, carried out after measuring the curve in deoxygenated electrolyte.
In Fig. 5 , the In-E, curve is rather steep at the potential where it intersects the E-axis, ie at E, = 0.87 V. There are now two possibilities, oiz. 1": a reversible redox reaction occurs, where the cathodic and anodic reactions are each other's reverse and 2": a reduction current is becoming overcompensated by an anodic wave and the cathodic and anodic reactions are not each other's reverse.
It is known, that the H202/02 redox couple is rather reversible at Pt electrodes, with E" = 0.682 V[6] and ie = 3.98 x 10-r Amw2 in an aqueous 1 M H,SO, + 0.1 M HzOl solution [7] . = 1.08 x lo-' M, ~(0~) = 100 kPa and T = 293 K, it follows that the equilibrium potential for this redox couple is 0.770 V. This equilibrium potential is 0.10 V more negative than the intersection potential of 0.87 V. Moreover, since the electrolyte is deoxygenated, the equilibrium potential is shifted into even more negative direction for ~(0,) Q 100 kPa. Although O2 could be formed by chemical H,O, decomposition, it is unlikely that its partial pressure becomes as high as 2.5 x lo5 kPa, which is necessary to obtain an eauibbdum uotential of 0.87 V.
This means, that the reduction wave in Fig. 5 is not a result of O2 reduction to peroxide,. so that possibility 1" is excluded. The reduction current mentioned in possibility 2" can be a result of peroxide or oxygen reduction to water. The anodic reaction is the oxidation of H20z to Or.
In case of peroxide reduction to water, the cathodic and anodic waves would be of equal magnitude and compensate each other, resulting in a net current of zero. Since this does not apply to Fig. 5 , the oxygen reduction to water is the final possibility. An extra support for this conclusion is given by the fact that the reduction wave in Fig. 5 starts at a potential which is about equal to the potential where O2 reduction starts in O,-saturated electrolyte (compare for example Figs 2 and 5). Although the electrolyte is deoxygenated under the experimental conditions of Fig. 5 , slow chemical decomposition of H202 apparently gives Ofd, which is subsequently reduced to water, according to Ofd+ 4H+ +4e-+ 2H10, at a rate, determined by the H202 decomposition reaction. The overall reaction equation of this consecutive reaction path is: HZ02 + 2H+ + Ze-+ 2H,O, ie it is an irufirect reduction of peroxide to water.
The amount of oxygen, formed by the peroxide decomposition reaction is: m = ik,c;
(the peroxide decomposition is here assumed to be a first order reaction with reaction rate constant k4) and, since all O2 is reduced to H20: m = -1J4A.F.
This gives: k, = -i,/2A,Fc;.
Using I, = -5.0 x IO-' A, A,, = 5.05 x lo-' m2, F = 96,5OOCmol-' and c4 = pz = l.08molm-3, it follows that k, = 4.75 x 10m6 m s-r for the reduced electrode of Fig. 5 .
There is also a possibility in which HzOz disproportionates to Oad+HzO and with subsequent reduction of Oad. However, peroxide decomposition by platinum black occurs without cleavage of the O-O bond(8], thus making this reaction path unlikely. The above deduction leads to an oxygen reduction scheme which includes the following reaction[ 11:
02+2H'+2e--+HzO, @A H202 + 2H+ + 2e---t 2H20 (k3).
For the temperatures 308, 323 and 338 K, the reaction rate constants k,, k, and k, are calculated from the rrde data as pointed out in [l] . The results are given in Fig. 6 . From this figure it follows that all kvalues increase with increasing temperature.
With respect to the oxygen diffusion coefficient in, respectively, bulk electrolyte (Sl) and polymer film(Df), it is found that the ratio D{/D; is practically independent of the temperature (Table 1 ). The diffusion coefficients are determined as pointed out in [l] .
When the polypyrrole layer thickness is varied by passing various amounts of charges during polymer formation, the potential sweep curves of Fig. 7 are obtained. In this figure, the formation charge Q is varied from 0.3 up to 2.4 kC m-2. When a polypyrrole electrode formed with a formation charge of 5.1 kC m _ ' is dried by free standing in ambient air, the polymer layer blisters from the surface spontaneously. Figure 7 shows that, with increasing layer thickness,
E, (VI - A plot of lo/I,, us E, for the PP electrode shows a plateau with 1,/I', I = 0.5 for 0.1 V < Eo < 0.5 V. When the oxidized PP electrode was aged at a potential of En = 1.20 V, the rrde potential sweep curves did not change during an aging period of 24 hr.
For a PP electrode (Q = 0.6 kCm-2) which was first aged for 2 hr at E, = 0.2OV, p(H1O) at E, = 0.20 V recovered from about 0.92 to 0.98 after the electrode was subsequently aged for 2 hr at Eo = 1.20 v. A potential sweep curve for an oxidized PP(Pt)/Pt electrode in peroxide-containing, deoxygenated electrolyte shows a disc current plateau for E, < 0.8 V.
The disc current at this plateau is about 0.6 mA, which is about 0.46 times the diffusion limited peroxide reduction current at an uncovered electrode (calculated using the Levich equation). Since the factor 0.46 corresponds to the I,/I, , value for the PP electrode in Oa-saturated electrolyte, it is likely that, for Ep < 0.8 V, the disc current is limited by peroxide drffusion through the PP film. Additionally, the sweep curve shows an anodic disc current plateau, of which the height equals the height of the cathodic plateau.
The explanation of the reduction wave in deoxygenated solution is identical to the one given for the indirect peroxide reduction at a reduced PP electrode, ie the reduction wave is a result of oxygen reduction via O$d + 4H+ + 4~ -+ 2Hz0, preceded by decomposition ofperoxideaccording to 2H,O, + Old+ 2Hz0. The peroxide decomposition reaction occurs with such a high rate constant, that limitation by peroxide diffusion takes place. This explains the equal magnitude of the cathodic and anodic wave.
Until so far, all the polypyrrole films were formed in a formation electrolyte to which no extra water was added. Water addition to the formation electrolyte, however, has an influence on the characteristics of the polypyrrole film [3, 9] , so it will possibly also affect the oxygen reduction at PP electrodes.
The addition of various amounts of water to the formation electrolyte shows that the 0s reduction current at E, < 0.6 V increases with increasing water addition for additions of, respectively, 0.5, 1.0 and 5.0~01. %. Simultaneously with this increasing Oa reduction current, the net ring current I,-10, increases with increasing water addition, except for 5 vol. y0 HzO.
When p(Hz0) is calculated from these data and plotted against the disc potential, Fig. 10 is obtained. Figure 10 shows a decrease in water formation fraction for the water additions up to 1.0 vol. %. A plot of Iulf,, us E, shows an increase of lo/lo, with incre&ing water addition for all the water additions.
In particular this plot of lo/I,, supports the conclusion that water addition to the'formation electrolyte increases the polymer film permeability (probably by increasing the porosity). An increase of permeability of the PP layer for reaction species should in our model result in a decrease of p(H,O) as will be shown in the discussion. The behaviour of the Generally, it appeared that water addition to the formation electrolyte improved the adhesion of the The results, obtained with a reduced and an oxidized poly-hr-methylpyrrole (PMP) electrode, were similar to the results which were found for the PP electrode. However, when the potential of a reduced PMP electrode was scanned between 0.02 and 0.85 V after aging at E, = 0.20 V, the voltammogram recovered to that of an oxidized PMP electrode after one or two sweeps.
DISCUSSION
The results show that the cathodic reduction of dissolved oxygen at a polypyrrole electrode takes place at the interface metal/polypyrrole.
The electrocatalytical nature of the metal substrate affects clearly the cathodic reduction ofdissolved oxygen. The selectivity for the oxygen reduction to water depends upon the thickness (Fig. 7) and permeability of the polypyrrole film (Fig. IO) , on the oxidation state of the electrode (reduced or oxidized) (Figs 3 and 9) . The e&t of the thickness and the permeability of the polymer layer on the selectivity becomes clear when the situation is regarded with virtually no peroxide in the bulk electrolyte, ie ck = 0. Equation (15) It has been found for gold and platinum substrates, that the deposition of a polypyrrole layer on the metal substrate, gives indeed an oxygen electrode with an increased p(H20) (Figs 1, 8 and 9 ).
It will be obvious that there is also an effect of the polymer layer thickness on the cathodic limiting disc current I,, (Fig. 7) . Using I,, = -A,n,F 0: c;/6; with Equaiion (10) in [3] and Equations (3), (4) and (5) value for l/I, at Q = 0 of -0.39 x 10' A-' for the plot of Fig. 11 , which is in the same order of magnitude as the data in this figure. The substitution of na = 4 in Equation (2) is justified, since p(H,O) was more than 0.9 in the measurements from which Fig. 11 is obtained, so 3.8 < n, 6 4.0. The effect of the oxidation state of the polypyrrole electrode on the selectivity is illustrated by the fact that an oxidized PP electrode exhibits a higher p(H,O) than a reduced PP electrode (Figs 3 and 9) . Moreover, the reduced electrode shows a pronounced aging effect, ie p(H,O) decreases with increasing aging time; the aging effect increases in rate with increasing temperature (Fig. 4) . The model, in which the bulk peroxide is taken into account, has proved to be satisfactory for the reduced PP electrode. It is concluded, that the reduction of hydrogen peroxide to water occurs in two steps for a PP electrode, viz. 1": decomposition via 2H202 + q + 2Hz0, followed by 2": cathodic reduction of OF via Old+ 4H+ +4e-+ 2H,O. The difference in catalytical hehaviour, especially with respect to the selectivity, between a reduced and an oxidized PP electrode may well be a consequence of the increased rate of the peroxide decomposition, which is found for the oxidized electrode. Besides this (electro-)catalytical effect, a decrease of the overpotential for oxygen reduction at an uncovered Au electrode is observed when the Au electrode is covered with a polypyrrole film (Fig. 1) . This is in contrast with the statement of Okabayashi et al., who assign no electrccatalytical activity for any electrode reaction to Clod -doped polypyrrole films[ 111.
